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Abstract

There are many aspeets to power generation from an amorphous silicon tandem solar
module as produced by Power Film Ine. These inelude the tunnel junction between the
top and lower layer of the eell, the life time, as affected by the Staebler-Wronski effect,
and the band gap of the photon eollecting layers. The manufacturing process and source
materials have a large impact on each of these arcas. In this study, the tunnel junetion
was modified to aet as a reeombination junction in order to reduce the reverse voltage
bias. The intrinsie silicon layers were modified to minimize the Staebler-Wronski effeet.
Additionally, carbon was added as a dopant to the top intrinsie silicon layer to boost over
all eell performanee by modifying the band gap of the material.
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Summary

This body of work was section into three parts. The first dealt with the addition of a
recombination layer between the top and bottom layers of Power Film Inc.’s tandem cell
amorphous silicon photovoltaic, PV, material. The second part dealt with improving the
long term stability concerning the Staebler-Wronski effect. Finally, carbon doping was
added to the top intrinsic layer in order to change the band gap of the material in order to
allow more light to reach the bottom layer and to increase the cell voltage.

A tunnel junction is formed between a highly degenerate layer of P-type microcrystalline
silicon and a highly degencrate layer of N-type microcrystalline silicon. The degeneracy
allows for a near ohmic currcnt path through the cell. However, being not completely
ohmic resulting in a voltage loss. Adding a charger recombination layer at this junction
would gain back this lost voltage. Introduction of a highly defcctive material would
allow this to occur. In this work, many methods to incorporate a degenerate layer were
attempted, including sputtering, chemical vapor deposition, and physical contact with a
contaminated surface. In the end it was found that a contact to a surface provided the
most consistent results.

The Staebler-Wronski effect is a well known problem for amorphous devices in that the
fill factor declines up to 15% for tandem junctions and up to 30% for single junctions
upon exposure to light. Its effcct on PV device can be modificd by the deposition
paramcters. Additionally, the lowcr intrinsic layer is effected more becausc it 1s thickest
layer. In this work, the deposition parameters were modified and the effcct by light
degradation was studicd. Many parameters were testcd including temperature, deposition
zone geomeltry, pressure, and hydrogen-silanc dilution. Ultimately it was found that
intrinsic layer film thickness and deposition temperaturc were the major players.

Carbon was incorporated into the top intrinsic layer to modify its properties. Acetylene
was the carbon source of choice. Initially it was thought that the carbon addition would
need to be significant, in the 10 to 20 % range. The carbon doped silicon was measured
for a numbecr of propertics including refractive index and conductivity. It was found that
for acetylene ratios greater then 2.5:40 the PV material performance was significantly
degraded. The optimum ration was found to be 0.5:40. With carbon doping near the
optimum it was found that PV power output increcase 5%.




Introduction

PowerFilm, (PF), a developer and manufacturer of flexible photovoltaics (PV) on plastie
has been working for 8-9 years with Natick Soldier Research, Design and Engineering
Center (NSRDEC) to develop and enhance PV for the military. During this time
PowerFilm and NSRDEC have successfully developed a multitude of remote power
solutions that have endured the rigors of evaluation by US military personnel in true field
conditions. These items encompass a range of products from small lightweight foldable
units to higher power PV integrated military shelters. PowerFilm and NSRDEC arc
continuing in their understanding of PV film manufacturing, leading to the development
of real time monitoring methods and proprietary proeesses, resulting in improvement in
overall devices and produetion costs. The primary factor in widespread adoption of any
alternate energy source by the commercial market and, to some degree, the military has
been the final cost. PowerFilm starts with manufacturing a very cost effective and unigque
thin film solar module on a polyimide (plastic) substrate. While moderate output per unit
area (efficieney), these modules have the highest output per unit weight (specific power)
of any available solar technology. Not only is the speeific power is almost twice the next
closest competitor and are also among the most durable. An advantage of this technolog
is that it can be further enhanced by improvements, which inereases the output per unit
area resulting in even higher specific power yields. These gains translate into smaller and
lighter PV deviecs with more capabilities.

To this end, this research and development project was proposed to investigate the
following opportunities for improvement.

Recombination layer to improve device voltage

The tunnel recombination junetion is the junction between the top and bottom diodces in a
tandem solar cell. Since PowerFilm fabricates “substrate™ type solar cells, the tunnel-
recombination junction will be deposited on top of the p-type layer of the bottom diode
(P1) and will have the n-type layer of the top diode (N2) deposited on top of it, as shown
in figure 1. Without a proper tunnel-recombination junction, the region between the P
and N2 layers acts likes a reverse bias diode. This reverse bias diode creates a notch in
the conduetion and valence bands where both positive (+) and negative (-) charges
accumulate and wait to recombine, as shown in figure 2a. Sinee the P and N2 layers are
both microerystalline silicon there are fewer traps than in amorphous silicon, so the
charge carriers do not quickly and efficiently fall into traps and recombine.
Aceumulation of charge at the P1/N2 interface also means that an incrcased number of
photons will be necessary to decrease the reverse bias on this interface. This leads to a
reduction in the voltage output of the solar cell undcer a given light bias.
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Figure |: Diagram of solar material deposition stack.

(a) (b)
Figure 2: Equilibrium band diagrams of solar cells (a) with and (b) without a tunnel
recombination junction.

PowerFilm, Inc. conducted an in-depth study of various recombination layers and how
they can be efficiently integrated into the deposition process. There are a number of
different matcrials that could potentially be used to create a recombination layer. A few
of these matcrials are: titanium nitride deposited by sputtering, titanium dcposited by
sputtering, ehromium deposited by sputtering, silicon oxide deposited by plasma
enhanced chemical vapor deposition (PECVD), silieon nitride deposited by PECVD,
intrinsie or doped zine oxide deposited by sputtering or low pressure chemicul vapor
deposition, and intrinsie or dopcd amorphous silicon deposited by PECVD or hot wire
chemieal vapor deposition. This projeet initially determined the materials, thicknesses,
and deposition parameters that produee recombination layers that yielded the largest
inerease in module voltage and maximum output power at the modules power point. The
results of this projeet was integrated into PowerFilm’s eurrent process equipment.

Introduction of a recombination layer has the potential to boost conversion efficiency of
the solar modules by 10%. This increase in efficiency could potentially make
PowerFilm’s solar teechnology appealing to additional markets.

Long term stability work

Stability is a major coneern when producing any solar eells.  Stability studies arc needed
any time a change is made in the process, like that proposed above, to insure that no
instability issues are introdueed. There is also the ongoing need of finding ways to
improve stability.
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The Staebler-Wronski effect is a well known effeet in amorphous silicon that increases
the number of states within the bandgap of the amorphous silicon upon illumination with
light. Inecreases in gap states cause the fill factor of the solar cells to decrease. Geometry
of the deposition system ean have a major impaet on the deposited material’s quality.
Currently, PowerFilm utilizes a plasma enhance ehemical vapor deposition technique
with parallel plate electrodes to deposit each of the amorphous and microcrystalline
silicon layers within the solar eells.

While searching for ways to decrease the light induced degradation in the intrinsic
amorphous silicon layers, the literature discussed the effects of electrode distance and
temperature on the light indueed degradation. A diagram of a parallel plate plasma
enhance chemieal vapor deposition, CVD, system is shown in Figure 3. In this case, it is
believed that light indueed degradation is redueed due to the suppression of higher order
silane reaetive species in the plasma, such as S;Hg and S3Hg.

Figure 3. Bloek diagram of a CVD system

Inereases in the stability of the amorphous silicon layers within PowerFilni's solar cells
will inerease the performance of the sold solar modules. Currently modules are sold at a
much lower performance level than their actual initially tested performanee, so that when
light indueed degradation takes place they will still meet the sold specification. Increased
stability of the eells would increase the performance level that the solar modules eould be
sold at making PowerFilm’s modules applicable in more markets. This will increase
demand and cause PowerFilm to hire more employees in all areas of the company.

Carbon doping of amorphous silicon for photovoltaic cells

Our current tandem devices have a single eell output of about 1.7 volts. These individual
cells are monolithieally integrated, on the plastic substrate, in series to build voltages to
desired levels. By adding carbon as a dopant into the a-Si, the voltage output of the PV
material can be increased. This comes about because the earbon acts to increase the band
gap of the a-Si material. Amorphous silicon has a band gap of approximately 1.8eV and
it is believed that by adding earbon, this gap ean be inereased to greater then 2.0eV
giving a boost to the module’s output voltage. Use of the higher band gap material in the
top junetion of the tandem PV stack, leading to higher voltage, essentially allows a
greater portion of the energy contained in the higher energy light, i.c. bluc. to be utilized.
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Carbon can be incorporated into the a-Si material by adding small concentrations of
organic compounds to the PECVD deposition zone. Just as the silane breaks down, in the
plasma, depositing silicon, and organic compounds can breakdown into carbon.
PowerFilm Solar, Inc. proposes to use acetylene as the carbon source for doping the a-Si
films. This new material will be incorporated into a hetcrojunction PV device as a carbon
doped intrinsic silicon carrier generating layer with microcrystalline N and P layers for
charge separation.

Power Film has evaluated the cffect of this material on the PV performance as a function
of carbon reactant concentration or flow rate.

Technical Report:

A. Study recombination layer effect

A.1) Identify and test options for recombination layer and rank effectiveness in
improving Voc

PowerFilm Solar, Inc. identified a few options to deposit a highly defective
recombination layer between the top and bottom tayer of the tandem PV device. These
inctude hot wire, hot rod, glow discharge, sputter deposition and front rotler.

A.2) Evaluate options for depositing various layers and rank for suitability for
inclusion in the Si deposition machines

Hot Wire

A deposition zone for performing hot-wires chemical vapor deposition experiments was
fabricated as shown in Figure A.2.1. This design has a heated wire filament arranged in a
U-shaped path, suspended across eight posts. The top of the zonc is slotted to allow a
dirccted deposition. This arrangement atlows the reactant gases to be directed in through
both ends and past a hcated element, wire or rod etc., maintaining an even gas
distribution.
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Figure A.2.1 Initial hot-wire box configuration.
This assembly was installed in one of PowerFilm's photovoltaic, PV, tandem device

silicon machines so that it would deposit on the web between the fower and upper tandem
layers.
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Static depositions were made to test for functionality and uniformity. These depositions
showed thicker deposition extending from the edge of the web, one to four inches from
each side as shown in Figure A.1.2. This deposition appeared to occur close to the
outside set of posts. This believed to be due to the fact that the silane was entering the
box from the sides and was reacted on by the filament at the ends first. leaving less silane
to be decomposed in the center of the filament. The uniformity for a static deposition
using 9 seem of silane with no hydrogen is shown in Figure A.1.3. The uniformity for a
static deposition using 130 sccm of silane and 1000 sccm of hydrogen is shown in Figure
A.1.4. The hydrogen was added to act as a diluent for the silane and to increase the gas
velocity through the hot wire box. Increasing both the amount of silane and the hydrogen
improved the deposition uniformity, but it was still decmed not acceptable. Filament sag
did not appear to be a problem with this configuration. The temperature of the web was
controlled by a heated platen set to 187C. The filament was driven with a DC current of
10.6A
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Figure A.2.3 Hot-wire deposition using 9 sccm of silane.




Crossweb Uniformity - Increased Silane and H2

450
400
350
200 I
250

200

10 W

100

50

Thickness (nm)

0 2 4 6 8 10 12 14 1
Crossweb Posltion (inches)

Figure A.2.4 Hot-wire deposition using 130 sccm of silane.

Non uniformity of the recombination layer remained a problem. To improve this
uniformity, a gas shower head was added to the box to dispense the gas across the length
of the filament instead of just on the two sides. A schematic of this new system is shown
in Figure A.1.5 The shower head is shown in red and the filament is the dashed line.
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Figure A.2.5 Hot-wire zone with shower head installed.

Adding the shower head produced deposition that was thin in the center und thick on the
edges, similar to earlier work. After examining the deposition and the deposition zone, it
was determined that the non-uniformity was caused by filament sagging away from the
web, leaving the deposition in the center to be much thinner than the edges. Based on
thermal coefficient of thermal expansion, CTE, the amount of sag was estimated at about
one inch.

Figure A.2.6 and A.2.7 shows the thickness of the deposited silicon for the right, left, and
center of the web with various silane flow rates for static and moving depositions
respectively.
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Figure A.2.6 Thickness of 10 minute statics for various silane flow rates.
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Figure A.2.7 Thickness of moving deposition (37/min) for various silane flow rates.
New standoffs were designed to support the filament from sagging were tested.
Figure A.2.8 shows one example of how the filament compensated for the thermal

expansion by creating a sinusoidal pattern. Figure A.1.9 shows a thicker and thinner
deposition due to filament expansion for this standoff configuration.

I & & a & 0

Figure A.2.8 Six evenly spaced standofts support the filament below the web. (a) Before
heating, the filament is in tension. (b) After heating, the filament expands and forces the
filament to web distance to increase or decrease between pairs of standoffs.
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Figure A.2.9 Statie depositions on top and moving depositions on the bottom for
filaments supported by the standoff in Figure A.2.8.

Additionally altcrnating current, AC and dircct eurrent, DC, were used. It was
determined that both AC current and DC current would yield the same deposition profiles
and suggested that the AC power supply provide the neccssary current in a more
controllable manner.

To remedy the filament expansion problem various methods were tested. These were
tension to the filament werc using a eoiled spring, using a counter weight, using a
eonstant foree spring (like a tape measure), or eonnecting one end of a wire to a rotary
feed through and the other to a shaft with the filament eonneeted.

High spring tension on the filament was between 4 and 4.51bs, resulted in the filament
breaking. The filament did not break with the tension set to 2 Ibs. and also did not have
any appreeiable sagging. The statie deposition showed slightly more deposition from the
edge of the web to about 2" in and a 6% thiekness oscillation in the cross web direetion
due to ripples in the web, since the web was not riding on a platen above the hot-wire, as
shown in Figure A.1.10. The deposition was performed with a filament current of 10.6A
and using only the residual gascs insidc of the chamber from the plasma boxes. The
plasmas were operating during this deposition. This type of deposition uniformity may
be acceptable. To estimate the thickness for a deposition moving at 3 in/min the down-
web thickness profile of the static was measured and is shown in Figure A.1.11. This
thickness profile was integrated to estimate the total amount of silicon deposited in 10
minutes to be ~280nm. This means that a deposition moving at about 3"/min would yicld
a thiekness of ~9nm.
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Figure A.2.10: Statie deposition with the filament tensioned using a spring pulling on a
linear stage on rails.
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Figure A.2.11 Down-web thickness profile of 10 minute static deposition.

Tandem solar material was produced with a hot-wire tunnel-recombination layer between
the bottom and top PV layers using filament temperatures. The results were ambiguous
since multiple modules tested from a single eondition with samples taken from different
positions on the web showed significantly variation in performance. Figures A.2.12 and
A.2.13 show the open cireuit voltage and series resistanee of the modules with respect to
the eurrent through the hot-wire filament. The seatter in the data is too large to discern a
clear trend, however, it appears that the series resistance of the films containing a hot-
wire tunnel-reeombination layer are higher than those without.
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Figure A.2.12 Open eircuit voltage of films with and without a hot-wire tunnel-
reecombination junetion.
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Figure A.2.13 Series resistance of films with and without a hot-wire tunnel-
recombination junction.

The high series resistance of the solar modules, of the tunnel-recombination junction,
with the hot wire deposition was detcrmined to be too thick in all cases. To reduce the
thickness of the deposition, opcrated the filament at a lower tempcrature, placing the
filament farther from the web, and using a set of aperturcs were investigated.

Lowering the deposition temperature was casily accomplished, however, at low
tempcratures silicides tend to form on the surface of the filament, which affected filament
lifetime and deposition rate and ultimately resulting in breaking for all trials.

A new hot-wire zone was designed and fabricated to address these issucs. The new zone
was designed with improvements to prevent non-uniformities due to the web curling cte.
Ultimately, the choice became either one of non-uniformity due to too little filament
tension allowing it to sag or to high of tension causing it to break.

Hot Rod

A 3.05 mm diameter graphite rod was substituted for the wire fitament. Graphite was
chosen as a material that it would not sag even when hot. After a quick test to determine
applicable electric current requirements, a test was conducted using a graphite rod.

The rod driven with AC current at 45 amps produced enough heat to melt a 1/16" thick
aluminum aperture and distorted the web, although it did not bend or sag. This test was
repeated with current was stepped up from 20 to 40A in 5A increments, performing a t0
minute static deposition for each current level. In all cases, there was no deposition but
there was still deformation of the web. The graphite rod used is the top rod shown in
figure A.2.14.




Figure A.2.14 (Top) Graphite rod used as a hot-wire. (Bottom) Tantalum [lament
wrapped around an alumina rod for support.

To reduce the heat generated, a tantalum filament wire was wrapped around a '4”
diameter alumina ceramic rod, as shown at the bottom of figure A.2.14. This system did
deposit silicon on the web; however, the uniformity was poor and unpredictable because
the silicon built up on the ceramic rod allowing some of the current to travel through the
silicon instead of all of it going through the tantalum wire. These deposits created cold
sections along the filament.

Because of the sagging and uniformity, options other then hot wire were considered.

Titanium Nitride, sputtered

As an alternative to the hot wire deposition of silicon, samples were prepared with
various thicknesses of sputtered titamum nitride. TiN, as the recombination layer. This
was intended to both improve the recombination and possibly reducing shunt paths.

A set of samples were produced using a 50 Angstrom TiN layer interstitial layer. These
devices had good voltages, but the 1V curve indicated severe shunting on one layer. At
this point, it is uncertain whether the shunting is from particulate contamination on the
web before the 2™ junction deposition or damage from sputtering the TiN.

Continuing with these tests, a significant increase in voltage was obtained with the
sputtered TiN layer. As a comparison a sample which had the surface of the P-layer
treated so that there was a thin layer of oxide formed, as an alternative to TiN as the
recombination layer, was produced, however, it was shown to have no substantial effect,
table A.2.1.

Interface layer treatment Voc FF
None 202 60
Oxidation of P layer surface 20.1 85
25 A of TiN 22 60.5
50 A TiN 21.8 90:9
100 A of TiN 21.8 56

Table A.2.1 Comparison of various surface treatments.

It was found that a layer of TiN can be used as a recombination junction material.
Thicker layers TiN does not improve voltage further, and can increase series resistance,
lowering the Fill factor, (performance), of the device. This technique requires additional
handling of the web with two addition processing steps. Reproducibility of this process
was also poor.
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Glow Discharge

As an alternative to hot-wire and TiN, a small plasma deposition zone was tabricated.
This zone was essentially a small box with an antenna inside. This antenna was driven
with a 4000V rectified 60 Hz AC power supply. Using a 2 x 16™ antenna, a stabilized
growth rate of 1.05nm/minute was achieved using the using residual process gases. With
the antenna size reduced to 17 x 15.5” and a stabilized growth rate of 1.19nnv/minute was
achieved. The addition of 10scem of SiH4 to the deposition zone averaged cross-web
growth rates of 2.95nm/minute for the 2 wide antenna, and 4.50nm/minute for the 17
wide antenna.

By enclosing the antenna area fully except for the aperture, growth rate increased, using
only residual process gases, to 3.54nnm/minute.

The target film thickness is Snm deposited in 3 minutes.

It is believed that the inerease in rate using the smaller antenna and full glass enclosure
may be oceurring due to an inerease in the power density at the antenna and in the
aperture.

In all cases, for depositions performed using the ambient gases the cross-web uniformity
was £3% . When additional silane was added to the deposition zone. the deposition
became significantly thicker on the side of the box where the gas was entering. These
thickness profiles are shown in figure A.2.15 and photo, figure A.2.16.
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Figure A.2.15 Deposition thickness profiles for the plasma deposition zone, static, 10
minute each.
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Figure A.2.16: Deposition using the plasma deposition zone with ambient gases.

To improve the uniformity of the layers deposited when additional gas was added to the
deposition zone, gases were added from both sides of the deposition zone. Also, the
spacing between the antenna and the web was inereased to about 5 /8" putting the
breakdown voltage at its minimum of 273V. This deereased the high voltage
requirements from the power supply and allow for higher powers to be used. It was
important to minimize the voltage in order to control arcing and damage (o the apparatus
and sample material.

Using the parameters listed in Table A.2.2, recombination material was deposited and
sampled.

Experimental | Power Gas Flow

Frame (W)

0 Standard Tandem, No
tunnel junetion

1 102 Ambient ehamber gas

2 60 Ambient chamber gas

3 2 Ambient chamber gas

4 60 1 scem S1H4

5 64 I seem SiH4, | sccm
B2H6

6 Standard Tandem. No
tunnel junction

Table A.2.2: Reecombination layer deposition parameters

It was found that there was no significant change in the open cireuit voltage of the
devices for any of the deposition parameters used, as shown in Figure A.2.17. The
performanee of the standard tandem material deposited at the beginning and end of the
run had a great deal of seatter in the open eireuit voltages measured. Also. no speeific
trend was apparent for samples with different tunnel junction deposition parameters, even
when they were taken from the same region of the web in the eross-web direction. This
indicates that the layer is probably too thin to create the required defect states allowing




recombination to occur and increase the open circuit voltage.
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Figure A.2.17 Open circuit voltage measurements performed on each experimental
frame.

From the results of carbon addition to the intrinsic layer, see section "C’, of the PV stack,
the addition of acetylene can lead to a highly defective material. Since a highly defect
matcrial is considered being the preferred material for a recombination layer, the use of
acetylene was investigated.

A series of recombination layers were deposited using a combination of sitane and
acetylene and the DC plasma deposition method. The combination of silane and
acetylene has been shown to make very defect rich material, which is necessary for a
good recombination layer. Table A.2.3 shows the parameters used for this set of
experiments using C2ZH2 flow of 0.1 secm and SiH4 flows of 0 to 20 scem.

Recombination Layer Plasma Deposition Zone Parameters

Experimental Voltage C2H2 Flow SiH4 Flow

Frame V) (sccm) {sccm) |
0 0 0 0
1 2700 0.1 20
2 2700 0.1 5
3 2700 0.1 10
4 2700 0.1 1
5 2700 0.1 2

Table A.2.3 Recombination layer DC plasma deposition properties




In experimental frame O there was no plasma in the recombination layer deposition zone,
so this is the control sample for the experiment. Experimental frames 1-5 were
performed with varying silane flows with the acetylene flow held constant.

Figures A.2.18, .19, .20 and .21 show how the open circuit voltage, power point voltage,
and power point power output changed with silane flow to the recombination layer
deposition zone. Voltage and power increased initially and then decreased. This is
probably due to a combination of an increasing deposited layer thickness and a decrease
in defect states as silane flow increases. It is believed that the defect states are reduced as
silane flow increases, duc to the increase in the silane to acetylene ratio beyond a certain
value.
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Figure A.2.18 Open circuit voltage as a function of silane flow
with an acetylene flow of 0.1 sccm.
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Figure A.2.19 Power Point voltage as a function of silane flow
with an acetylene flow of 0.1 scem.
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Figure A.2.20 Power Point Power as a function of silane flow with

an acetylene flow of 0.1 scem.




Shunt Resistance
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Figure A.2.21 Shunt resistance as a function of silane flow with an
acetylene flow of 0.1 scem.

In addition to an increase in voltage, the shunt resistance also initially increased with
silane flow and then decreased as shown in figure 4. The initial inerease in shunt
resistance may be due to the defects in the recombination layer causing the layer to have
a high lateral resistance, which makes it difficult for shunt paths in the top cell to find a
low resistance route to shunt paths in the bottom cell. After increasing the silane flow
past 2 scem the shunt resistance decreases. This may be due to the reduction in defect
states in the recombination layer caused by an increase in the ratio of silane to acetylene.
This indicates that there is an optimum recombination layer thickness.

This data shows that use of a silicon carbide alloy deposited using acetylene and silane
has the ability to produce a very defective layer, which promotes effective recombination
between the two PIN diodes of a tandem photovoltaic module. These results are similar
to earlier results using sputtered TiN as a recombination layer. The data from the
experiments performed last month indicated a maximum in the open circuit voltage C2H2
flow of 0.1 scem and SiH4 flows of 2 seem.

It was found that this method works well giving open cireuit voltages of up to 21.4 volts,
however there were repeatability problems caused by buildup of deposition on the walls
of the deposition zone. This method is more sensitive to deposition buildup because of

the high voltages required at the low gas flows and pressures used in this process.

Front side roller
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A tcst was set up so that a physical contact was made to the device side of the web during
the silicon deposition. A roller assembly was positioncd in the web path so that it
contacted thc web between the top and bottom layers of the tandem solar device. No
external gases or reaction wcere present at this roller.

It is belicved that the ambient gases surrounding the roller causc a surface contaminant
that collccts of the roller’s surface which then transfers to the web.

The results for this test were comparable to that of the TiN layer. These results were
reproduccd. Being of simple design and utility, it shows great promise of
implementation. The concern wc have for this process is that thc environiment contains a
large number of small particles. These particles can collect in the bearings of the roller
and causc them to fail. When the roller ceases motion it would then scratch the device
material damaging the electronic properties of the resulting solar module.

A.3) Design system for in-line deposition of recombination layer and install in Si
system

The current sct up, as describe in section A.3.2 above, using a DC plasma zone with
acetylene in line with the PV deposition process is satisfactory. Alterations to include
this systcm in the primary production system would be minor and only for accessibility
by the operators.

Additionally, a front side roller assembly can be easily substituted for the plasma zone.
A.4) Develop optimum operational parameters for recombination layer

Over the course of this study a series of different deposition techniques and matcrials
were studied to determine both their ability to reliably form an effective tunnel-
recombination junction and ability to adapt them to PowcerFilm’s existing process
equipment. Table A.4.1 shows the different tunnel-rccombination junction surface
trcatments, the materials deposited, the final open circuit voltages, and the tool the
deposition was performed in.

Open

Surface Circuit
Trcatment Material Voltage | Deposition Tool
None Base Material 19.6 | Insitu

Decreasc 12 H2:SiH4 dilution
Nonc ratio 20.2 | Insitu
DC-PECVD Amorphous Silicon 21.5 | Insitu
DC-PECVD Amorphous Silicon-Carbide 21.4 | Insitu
Front Surface
Roller No Deposition 22.1 | Insitu
Hot-Wirc CVD Amorphous Silicon 21 | Insitu
DC Sputtering Titanium Nitride 22 | Metal Machine 2
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RF Oxygen
Plasma Silicon Dioxide 20.1 | Oxygen Etch

Table A.4.1 Open eircuit voltage comparison for various surface treatiments.
Initially, Power Film's base material had an open cireuit voltage of about 19.6V.

Three surface treatments were performed requiring depositing the bottom junction of the
solar eell, then removing the material from the silicon deposition system, placing it in a
seeond system for tunnel-recombination layer deposition, and then placing it back in the
silicon ehamber to finish the silicon deposition. The first treatment was the addition of a
DC sputtered titanium nitride layer deposited in Power Film's Metal Machine 2. This
material inereased the open eircuit voltage up to 22V, however it had repeatability
problems and sputtering is not easily compatible with our current deposition systems.
The third surface treatment was an RF oxygen plasma treatment in Power Film’s Oxygen
Etch system. This surface treatment did not decmonstrate an increase in open circuit
voltage, so it was dismissed.

Two in-situ surface treatments were performed. The first was deposition of amorphous
silicon using hot-wirc ehemical vapor deposition. This method was able 1o deposit a
tunnel-recombination junction that inereased the open eireuit voltage to 21V, however it
had many problems. The largest problem was the non-uniformity of deposition rate in
the eross-web direction due to the filament sagging. Many experiments were performed
to overcome the sagging ineluding intermediate supports, wrapping the filament around a
eeramie rod, tensioning the filament, and using a different material that i1s more rigid. It
was determined that this process was not robust enough to achieve repeatable cross-web
uniformity and filament lifetime. The seeond in-situ method was using DC-PECVD to
deposit a layer of amorphous silicon or amorphous silicon earbide. Amorphous silicon
deposited with this method yielded an open circuit voltage of 21.5V, while the
amorphous silicon earbide yielded an open eireuit voltage of 21.4V. This method works
on short runs, however has some repeatability problems eaused by buildup of deposition
on the walls of the deposition zone. This mcthod is more sensitive to deposition buildup
than the RF-PECVD used to deposit the other silicon layers because of the high voltages
required at the low gas flows and pressures used in this process. The sceond surface
treatment was performed by simply adding a roller between the P1 and N2 deposition
zones that the deposition surface of the web comes into contact with. Contact with this
roller ehanges the surface of the PI layer enough that when the growth of the N2 layer is
initiated more defeets are ereated. The open circuit voltage achieved using this surface
treatment was 22.1V. Preventative maintenanece is very important when using this
approach beecause if a bearing is not turning freely, then the surface of the web will be
seratched and ereate shunts in the material.

To ineorporate the tunnel-recombination junction into future machines, the front surface
roller approach will be used. 1t has the advantage of not requiring any extra source gases
or eleetronie equipment and also yielded the highest open eireuit voltages. If a
preventative maintenanee schedule is followed this approach should work very well.
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B. Long-term Stability

B.1) Design set of experiments and fabricate samples to evaluate impact of variables
including spacing and electrode heating on device stability

Prolonged light soaking of a-Si has thc effect of trapping carriers to create metastable
states which reduce mobility and therefore efficiency. These metastable states also
empty at a rate determined by density and temperature, so that equilibrium is reached.
We want that equilibrium to be as low as possible so that the device stabilizes at an
efficiency which is as high as possible.

Power Film studied the potential for improving long term stability in our photovoltaic
devices by looking at a number of deposition parameters in the first intrinsic layer, 11-
layer. These included; evaluating the impact of pressurc, temperature, RF power level,
silane flow rates, and hydrogen dilution. The range these variables are maintained with
in conditions which are compatible with all other operational constraints.

Our standard mcthod for evaluating stability is to use a full 12 cell module of single
junction material of the thickness and deposition propcrties under study. Light soaking
is done for 30 days outdoors under open circuit conditions. Open circuit conditions
provide a higher rate of trapping and defect creation and a higher equilibrium level than
would be seen under normal operating conditions. Normally the equilibrium level of
defects is reached asymptotically over a long time, but we have found that 30 days under
open circuit gives a good approximation of the equilibriun state which would be reached
if the module were operating at its power point.

Opcrating with the above parameters; higher Il box pressurcs has been shown to produce
better cross-web uniformity of the silicon deposition. The higher pressure improves the
uniformity significantly, keeping 5% thickness tolerance to within 1™ of the web cdge.
PowcrFilm then identified the proper subset, with variations on flows. RF powers, and
antenna spacing which give improved stability against light soaking. The concern with
opcrating at higher pressures, even though it may produce more uniform film thickness,
is that it can lead to the generation of dust particles in the process. This dust can adhere
to the web during processing and cause electrical shunting of the matcrial. These Initial
test data indicated that the higher pressure run parameters did not cause issues with dust.

These module samples were given a 30 day light soaking exposure on an out doors test
platform. Data was taken from these devices which were prepared with a set of
parameters that would enable us to quickly isolate important variables. Fill factor (FF) is
the key parameter affected by light soaking with a FF remaining higher over time
indicating less degradation. In the past, we had reduced thickness of the 11- layer in
attempts to improve stability and revisited this parameter to insurc that the process
change resulted in stability at least as good or bctter as the prior conditions. Figure B.1.1
shows samples from the old and new conditions. It shows no change in the stability
dependence on the pressure parameter and that the new condition, Series 2. falls on the




same thickness trend line as the lower pressure conditions, Log(series2). This confirms
that pressure, though important for uniformity, is not as significant for long term stability.

The results of the 30 days testing, the film thickness and deposition conditions were
analyzed for potential modifications to reduce the level of degradation. Based on these
efforts, I1 layer deposition zone temperature and hydrogen dilution were down selected
as variables to focus on. Other variables, such as antenna spacing and RF power levels
did not show that they had a significant impact on long tern stability.

30 day ff vs i thick

= Series2
Log. (Series2)

440 460 480 500 520 540
11 thickness (nM)

Figure B.1.1 Showing the 30 day fill factor, FF, as a function of | layer thickness.

A scries of runs were performed with increasing pressures in steps from 500 mtorr to
1000mtorr and powers from 200W to 400W while varying the H2/SiH4 ratios from 3 to
10 and varying total gas flows over a range of 700 SCCM to 2500 SCCM. In evaluating
this broad range of parameter space, conditions were identified which retain our current
deposition rate and uniformity while moving the H2/SiH4 ratio up to 10. Small dot
samples were tested and have validated device operation under those conditions and full
module samples were produce for long term study.

Out of these, sample prepared with a H2/SiH4 ratio ot S and standard power showed
extremely good stability, though they had a lower current because the thinner [ -layer.
The samples at 400W showed improved stability of Fill Factor as opposed to our standard
material. These higher RF power samples did have a lower initial performance than the
standard power samples, so that in the end, the final performance was equivalent.

The higher H2 dilution showed better performance, but the question remained whether it
was the dilution or was it the film thickness the important factor. A test was run with
high dilution and at a slower speeds to maintain a constant filim thickness so that the
important factor could be sorted out. These samples were light soaked for three weeks.
Samples with high H2 dilution and slow web speeds, providing the standard 500 nm I-
layer thickness, show no improvement over the standard material. 1t was coneluded that
the improved stability of prior samples was due to the thin I layer. This left higher
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deposition temperature and reduced thickness as the two successful mechanisms for
improving stability of the I1 junction.

Our final tests were combining these two effects. The higher temperature reduces band
gap and allows for more light to be eollected for an equivalent thiekness, so moving to
190C should allow us to reduce the I-layer thickness. However, higher temperatures
create higher stress in the deposited films. These stresses may be accommodated by
using lower CTE polyimide or by adding a stress balaneing back layer. A scries of
samples were prepared at a temp of 290C and a variety of thicknesses. Thickness
variation was accomplished by increasing H2 flow while keeping silane flow and power
constant. We found, that with this combination, we were able to reduce the [1 layer
thickness by 100nm (about 20%) with negligible loss of current as compared to our
standard thickness at 275C . The light induced degradation of fill factor was reduced by
25% in going to these new conditions.

B.2) Perform tests including lifetime testing (light soaking and damp heat) on
samples as appropriate. Repeat with modified operating parameters as indicated by
results.

Multiple full production runs on different silicon deposition machines were produced
using the chosen subset of variables, including temperature and 11-layer thickness.

Thirty day outdoor testing was performed on these samples to evaluate the stability
impact across the web, down the web, and from machine to maehine. This evaluation
found that the life time improvements held throughout the length of the deposition and
transfers from machine to machine.

C. Carbon Doping
C.1) Identify appropriate carbon source gas

PowerFilm has identified acetylene as the carbon souree to use. To minimize the impurity
contamination from the sourcc gas, acetylcne in Dimethylformamide was used.

C.2) Obtain appropriate source gas and equipment and install on existing PV
deposition machines

Two kcy elements of this work have been delivered and installed on one of PowerFilm’s
silicon deposition system in February 2010. These are the acetylene gas source and mass
flow controller, and a Keithly model 617 electrometer. This instrument will be used to
measure the activation energies of the carbon-silicon films.

The aeetylene gas source and equipment was acquired and installed. Ultimately it was

found that a lower coneentration of acetylene was rcquired and a switch was made to
using acetylene diluted to 5% in helium.
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C.3) Identify operating parameters to deposit Si-C firms

An initial series of silicon/carbon film depositions were made on specular metallized web
material. The depositions were made with varying amounts of acetylene (C2H2) tlow 0,
10, 20, and 30% C2H2 with these percentages representing percent of total silane flow.
These films were deposited at a web speed of 3 inches per minute, which we would
expect to be around 100nm of deposition. Surface Photo Voltage measurements of these
films demonstrated that the material properties changed with addition of the acetylene,
figure C.3.1 below.
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Figure C.3.1 Surface photo-voltage measurements on silicon carbon film as a function of
percent acetylene addition.

Thickness measurements were made on these films using a step profilometer allowing for
deposition rate to be calculated for each condition as shown in Figure C.3.2.
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Figure C.3.2 Film thickness as a function of percent acetylene.

Measuring the rcflection spectra and using the relationship;
2nd = (m+%)/1

for minima’s in the spectrum, where wavelength (X), the film thickness is d, and minima
order m, where n is the refractive index was calculated, figure C.3.3. The index shifted
as cxpected for increasing carbon content in the film. At the high end of carbon content,
the index of refraction is approached that of report values for silicon carbide of 2.55.




Calculated Refractive Index shifts
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Figure C.3.3 The index of refraction of the silicon-carbon films using difterent speetral
minima, indieating the index as a function of wavelength of light for varying carbon

content.

A Keithly model 617 electrometer was used to measure activation energy of carriers and
light-dark conduetivity of samples of silicon carbide (a-SiC) prepared on insulating

substrates, see data in Table C.3.1.

Sample Light Conductivity | Dark Conductivity | Light/Dark Ratio
10% C2H2 2.70E-10 3.2e-11 8.44
20% C2H2 6.5e-11 3.5e-11 [.86
30% C2H2 1.90e-10 4.8¢e-11 3.96

Table C.3.1 Properties of carbon doped silicon films.

The Light/Dark ratio indicated that the defect generated charge carriers are dominating

the eleetrical eharacteristies of the film.

The activation energy was measured for the 20% sample. The natural log of the current
(Ln(1)) versus reciproeal temperature (1/T) is shown. From the slope of the fitted line the
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activation energy was found to be 0.76eV. This value is in the range of what is expected
for this material, Table C.3.2.

20% C2H2 a-SiC sample

Ln(l)

UT[1/K]

Table C.3.2 the natural log of the current (Ln(I)) versus reciprocal temperature (1/T) 18
shown.

The Si-C material was then substituted for the intrinsic amorphous silicon. None of the
Si-C samples (10%, 20%, & 30%) created a photovoltaie junction, leaving us to
concluded that the Si-C layer is highly defeetive and does not allow for charge
separation.

Si-C films were produced at lower carbon flow rates of 3% and 6%. Thickness and
reflectance measurements of the films were measured and the refractive index was
caleulated. See figure C.3.4.
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Figure C.3.4. The 3% and 6% data points have been added to a previously scen graph.
The refractive index continues the trend of higher index with less carbon.

Using 0%, 1%, and 3% Acetylenc flow PV single junction material was made. Both the
0% and 1% Acetylene flows produeed junctions with fill factors between 49% & 52%,
see figure C.3.5. The 3% sample was completely resistive indicating an upper boundary
for the acetylene flow.
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Figure C.3.5 I-V curve of a carbon doped amorphous silicon solar cell.

A series of single junetion material were made using the 10secm MFC with varying
amounts of acetylene at 0%, 0.48%, 0.85%, 1.2%, and 2.4% of the Silane flow for the
intrinsic layer. Dot samples were made and measured the values appearing consistent,
figure C.3.6.
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Acetylene Dot Tests

FF (%)

Voltage (V)

—e—100% Vot —8—25% VoC + 10
02 §n 100% Vmpp —e—25% Vmpp
—A—100% FF ® 25% FF
0 ; T T 0
0 05 1.0 15 20 25

Acetylene (% of SiH flow)

Figure C.3.6 Measured parameters for carbon doped amorphous silicon solar cell.

SEM images were taken of the layers with and without acetylene doping. Visual
inspection of the grain structure shows a variation in islanding with acetylene. This
indicates a struetural change with the addition of the aeetylene, Figure C.3.7.
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Figure C.3.7 Sample 6 is 0% acetylene and Sample 8 is 2.4% acetylene.

Tandem junction PV material was deposited with varying amounts of acetylene (C2H2)
doping from 0 to 1.5% of the 12 layer of a tandem junction. Both the pcak Voc and the
average Voc for each flow trend higher with Acctylene flow. Also an upper limit of
Acetylene flow of 2.5secm, or 6.25%, was identified as point at which above this, devices
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fail and no longer give PV electrical response. Likewise, Fill Factor, and maximum
power point were plotted against the Acetylene flow, figures C.3.8-10. The fill factor and
Power at max power-point of each sample also increase with Acetylene flow up to about
I scem.

Voc (V)
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Figure C.3.8 Open circuit voltage, Voc, plotted against the Acetylene flow. Each sample
measured is represented by a blue diamond on the graph; the average for each flow set
point is displayed as a red square.
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Figure C.3.9 Fill Factor, ff, plotted against the Acetylene flow.

| # ————




Powerypp Vs Acetylene Flow
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Figure C.2.10 Maximum power point power, MPP, plotted against the Acetylene tlow.

Samples with and with out carbon doping were sent to an external application lab for
Spectroscopic Ellipsometry to find the refractive index and film thicknesses. The
ellipsometry data (n,k), for the individual I, layers from those cells. shows a shifting of
the absorption curve up to 35nm towards the blue end of the visible spectrum as
compared to standard amorphous silicon films. At higher doping levels, the spectrums
returned to the standard index which may be indication that non-substitution carbon
doping (interstitial) 1s taking place at higher levels of acetylene flows. This data
indicated that the optimum results are achieved near the 0.5% doping level (absorption
blue shift of 35nm). Figures C.3.11 and C.3.12
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Figure C.3.11 Refractive index of carbon doped amorphous silicon as measured with

ellipsometery. (0% is Power Film’s standard material.)
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Figure C.3.12 Extinction coefficient of carbon doped amorphous silicon as measured with
ellipsometry. (0% is Power Film’s standard material.)

A series of samples were made using doping concentrations centered around 0.5%. The
doping concentrations achieved were 0.43%, 0.5%, 0.59%. The main effect, of the
carbon doping of 12, appears to be an increase in the Voc. Figure C.3.13

12 Acetylene dopmg series
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Figure C.3.13 1V curve test of PV modules with carbon doping. Note: the fill factor (FF)
and power at max powcr point (Pmpp) are divided by a factor of 10 for displace
purposcs.

To increase resolution and repeatability of the carbon doping concentration, the source
bottle of acetylene was rcplaced with onc of 95% He and 5% C2H2. This will allow
acctylenc for flows from 0 .05scem to | scem.

A study of the thickness for the 12 layers was completed. This was to verify that the 12
thickness is set to maximize the powcr created by the tandem cell. If the 12 layer is too
thin, too few carriers are created in the 12 layer and power is lost in the I layer. If the 12
layer is too thick, too fcw carries are ereated in the [l laycr and power is lost in the 12
layer. So in order to maximize performance, the tandem cells must be balanced with the
power they generate.

Variations of the 12 thickness was achieved by adjusting the RF power to the 12 box. The
acctylenc flow was 0.5scem and it was kept constant at a 80:1 (SiH4:C2H2) ratio for all
of thc doped samples. Figure C.3.14
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Figure C.3.14 The graph bclow shows the clectrical results for Voc, Isc. FI-, and Pmpp.
There trend is towards lower RF power or thinner laycrs of carbon doped 12.

We were able to successfully incorporatc Carbon into the amorphous 12 layer, and found
that acetylene works as an cfficient dopant. We found that the carbon caused a shift in
the measured refractive index via spectroscopic ellipsometry. The bandgap was blue
shifted which would allow more red light to reach the 11 layer. The carbon doping
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improved all aspects of the PV modules performance including power output. We saw
approximately a 5% gain in module output by incorporating carbon into the 12 layer.
This could lead to increased power per unit area and lower Dollars/Watt.

C.4) Build and test PV devices

As stated in PowcerFilm Inc.’s proposal, they will produce and deliver 10 prototype
lightweight, foldable PV units suitable for use with BB2590/BB390 chargers or other
similar applications, along with technical data from the program.

The resulting PV modules had outdoor, natural sunlight, performance curves with fill
factors near 65% and power point voltage of over 16 volts, power point current of over
56mA, giving a power point power of nearly 900mW.
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Figurc C.4.1 IV curve represcnting the deliverable material.
C.5) Fabricate Deliverables
Deliverables will be shipped to:

U.S. Army Soldicr Systems Center — Natick
Attn: Steven Tucker

Kansas Street

Natick, MA 01760-5000
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